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It has been known for some years that sensory and motor nerve fibres have different electrical excitabilities. Stimulation of nerve trunks in experimental animals (Erlanger and Blair, 1938; Skoglund, 1942) , showed that sensory and motor fibres differ in their responses to prolonged or slowly rising currents: sensory fibres accommodate less than motor fibres. This also holds for the stimulation of human nerves through the skin (Kugelberg, 1944) . For current pulses of 1 msec duration, Erlanger and Blair (1938) have shown that the rheobase of sensory fibres in the sciatic nerve of a bull frog is lower than that of motor fibres, but that with shorter currents the strength-duration curves cross and motor fibres become the more excitable. In man, Paillard (1955) plotted strength-duration curves for the monosynaptic H reflex and the direct motor response and found that the curves crossed in the same way. This suggested that for percutaneous stimulation of the posterior tibial nerve, the relative threshold of sensory and motor fibres reversed for short current pulses. Dawson (1956) investigated the sensitivity of motor and sensory fibres in the human ulnar and median nerves to stimulation by capacitor discharges and was able to stimulate selectively sensory fibres at threshold voltages. Buchthal (1966) have reported extensive investigations into the sensitivity of sensory fibres in man, but largely confined their investigations to the use of pulses of 100 lusec duration and mention no systematic study of the relative sensitivities of motor and sensory fibres.
Since excitability depends upon the duration of the current as well as on the intensity, we have investigated the sensitivity of sensory and motor fibres in human ulnar nerve to stimulation with square wave electrical pulses of varying durations and strength. The ulnar nerve was chosen as it has several regions where it may be stimulated or its activity recorded with comparative ease. We show that when short pulses are used (200 ,usec or less) motor fibres are the more readily excitable, whereas, with long pulses (1 msec or more) sensory fibres are the more readily excitable.
METHODS
The subjects were seven normal adults, aged 20-40 years. All stimulation and recording were made through the skin. In order to reduce resistance at the electrodes the relevant skin areas were swabbed with chloroform, washed, and then gently abraded by light scrubbing with sandsoap or stroking with sterile needles. The areas were then re-washed and dried.
The ulnar nerve was stimulated at the wrist using gauze-covered silver electrodes of the type described by Dawson and Scott (1949) . The electrodes were placed just proximal to the wrist joint on the ventral surface of the forearm at the medial border. For stimulation of the digital branches of the ulnar nerve two narrow strips of platinum covered with gauze, were wrapped around the fourth and fifth fingers about 2 cm apart.
Ulnar neurograms were recorded from the elbow using silver electrodes placed over the medial epicondyle just proximal to the elbow joint. For recording ulnar neurograms from the fifth finger the electrodes described by Sears (1959) and McLeod (1966) Figure 2 shows curves plotted for pulse durations of 10, 100, and 1,000 ,tsec. For the sake of clarity other pulse durations have not been plotted in the figure. The curves of the neurograms and myograms produced by 10 ptsec pulses grew at exactly the same rate and the vertical scales were chosen so that the points for this pulse duration fell along one curve. With 100 ,sec pulses the voltage thresholds for both responses were reduced but that for the neurogram was significantly lower. At 1,000 ,usec duration a large neurogram could be elicited with stimulus voltages that gave no myogram at all.
This experiment was carried out in six of the subjects, and in all cases gave results comparable with those described. Not every experiment gave such a degree of separation of the responses at longer durations as illustrated in Fig. 2 Figure 8 shows the percent survival expressed as a function of stimulus duration. The use of a semi-log plot is purely for diagrammatic clarity, and the dashed line has been inserted by eye. The six points for three pulse durations show that reasonably reproducible results could be obtained in this subject. This experiment was attempted in three subjects, and the results presented here from one subject were the most satisfactory. It is clear that ulnar neurograms elicited by 10 ,sec pulses were reduced by voluntary contraction, whereas neurograms elicited by 1 msec pulses were not. We interpreted this as indicating that antidromic action potentials generated in motor fibres by wrist pulses of 10 ,tsec duration had collided with orthodromic action potentials resulting from the subject's voluntary effort. The lack of a significant reduction in the neurogram elicited by 1 msec duration pulses indicated that sensory fibres rather than motor fibres were being stimulated.
CURRENT FLOW WITH CHANGING PULSE DURA-TIONS On three occasions the current flow during stimulation with various pulse durations was measured for stimulation of the ulnar nerve at the wrist. With 50 ,usec pulse durations a reasonably rectangular pulse of current flow occurred as shown in Fig. 9A . The applied voltage divided by the peak magnitude of current yielded an apparent resistance of 1-3 KQ. marked overshoot of current flow, with a rapid decay over about 100 ,tsec to a plateau of steady current flow (Fig. 9B) . At the cessation of the voltage stimulus there was a reversal of current flow, mirroring the overshoot, and a comparable rapid return to zero. The steady plateau of current flow was plotted as a function of applied voltage and yielded a good linear relationship indicating a resistance of 4 KQ2 in the tissues. The initial peak amplitude of current was also plotted and yielded a smooth curve, concave downwards, but always increasing with increasing strength of voltage. In magnitude this current was two to four times greater than the plateau value. These are plotted in Fig. 10 . there was no period with a steady plateau of current, and at 500 psec duration there was a 400 ,usec plateau period. It is plain that there are different patterns of current flow with short and long pulse durations.
DISCUSSION
This paper reports the first attempt to investigate systematically the electrical threshold of sensory and motor fibres in human peripheral nerves to square wave electrical pulses of varying duration. Sensory fibres are more easily excited by longer pulses and motor fibres become more sensitive with brief pulses. The differences in properties are great enough in the human ulnar nerve to allow stimulation of either motor or sensory fibres near threshold with little or no contamination from the other group. The above conclusion was based on four lines of evidence. When the ulnar nerve was stimulated at the wrist with long duration pulses (1 msec or more) the neurogram recorded at the elbow with threshold voltages was presumably indicating activity in sensory fibres as no myogram was recorded. Since the neurogram produced by short duration pulses (200 ,usec or less) grew exactly in proportion to the myogram as the stimulus strength was increased, it was presumably indicating activity in motor fibres. If either the myogram or neurogram were relatively insensitive indicators of activity in the nerve or muscle respectively, this argument would be weakened. One might have sensory impulses passing up the ulnar nerve or contraction of hypothenar muscles without recordable results.
The same objection could be applied to the second experiment in which simultaneous recordings were made of the digital neurograms and hand myograms resulting from wrist stimulation with pulses of varying duration. However the observation that one can record a neurogram at threshold but no myogram with a long duration pulse and a myogram at threshold but no neurogram with a short duration pulse, make it more likely that these results can be explained in terms of a differential sensitivity of motor and sensory fibres to the duration of the stimulating pulse.
The problem of the relative sensitivity of the two recording sites was overcome in the third experiment. Only one recording site was used and there is no reason to suppose that the ease of obtaining records from sensory or motor fibres at the same site differs. Long duration pulses delivered at the wrist were more effective than short duration pulses in blocking sensory action potentials generated by stimulation of the digital branches of the ulnar nerve. We feel that this experimental result, consistently obtained in five subjects, provides the strongest evidence that sensory and motor fibres have a differential sensitivity to pulse duration.
The sensory collision experiment is an extension of Dawson's (1956) experiment in which he showed that sensory fibres to the fingers have a lower electrical threshold than motor fibres to the small muscles of the hand. We point out that we have used square wave pulses of varying duration, whereas Dawson used capacitor discharges and does not report any results from systematic variation in the time constant.
In the motor collision experiment the chance of collision was not high. The sustained rate of occurrence of action potentials in a single fibre during a contraction is of the order of 50/sec (Marsden, Meadows, and Merton, 1971 Threshold is dependent on the short time factor of excitation, k (Hill, 1936a, b) . This is a measure of the passive electrical properties of the nerve membrane and influences the shape of the strength-duration curve. With k fixed the rheobase will depend on fibre diameter. If the diameters of two groups of fibres were similar but not identical and had different values of k, the curves could cross. For example, if motor fibres were only slightly smaller than sensory fibres but their membrane time constant shorter, then the motor fibres could have a lower threshold than sensory for short pulse durations, but a higher one for long durations. The differing rates of accommodation of sensory and motor fibres (A of Hill, 1936b) presumably reflects differences in the rate of voltage-dependent inactivation of sodium permeability (Hodgkin, 1964) . The time required is normally longer than that of the pulses used in these experiments.
Differences in physical parameters of nerve fibres must be very small and their magnitude could be worked out in animal preparations where the exact shape of the stimulating pulse could be measured and correlated with local potential and excitability changes in nerve fibres. The present experiments on man show that it is possible to stimulate at threshold either the sensory or motor fibres in the ulnar nerve by changing the pulse length. We consider that this is a useful new method in human neurophysiology and have already used it to demonstrate Renshaw cell activity in man (Veale, Rees, and Mark, 1972. SUMMARY Seven normal human subjects (aged 20-40 years) were investigated to assess the sensitivity of the ulnar nerve to stimulation with square wave pulses of varying duration and strength.
Four types of experiment were performed; in each experiment the ulnar nerve was stimulated at the wrist. (1) Simultaneous recording of the ulnar neurogram at the elbow and the hand myogram (of ulnar innervated muscles) showed that, for short duration pulses (less than 200 psec), with increasing strength of stimuli the amplitude of the myograms and neurograms increased together, whereas for long duration pulses (1 msec or more) a neurogram was recorded at the lower stimulus strengths with no myogram. (2) Simultaneous recording of a digital neurogram (sensory) and hand myogram (motor) showed that long duration pulses at threshold for a sensory neurogram produced no myogram, whereas short duration pulses at threshold for a myogram produced no neurogram. (3) Long duration pulses were more effective than short duration pulses in blocking sensory action potentials produced by stimulation of the digital branches of the ulnar nerve in the fourth and fifth fingers. (4) The neurograms generated in the ulnar nerve by short duration pulses were more effectively blocked during voluntary contraction of ulnar innervated muscles than were the neurograms generated by long duration pulses.
It was concluded that pulses of long duration (1 msec or more) stimulate sensory fibres at threshold, whereas short duration pulses (less than 200 psec) stimulate motor fibres. A possible basis for this differential sensitivity of motor and sensory fibres is discussed.
